Techniques for improving the low-frequency performance of small reverberation chambers by Scharton, T. D. et al.
TECHIUIQUES FOR IMPROVIMQ THE LOW-FREQiTGFCY PERFORMANCE 
OF SRALL REVERBERATION CHAMaSRS 
By Terry D. Scharton, Peter E. Rente, David L a m ,  
an3 Witchard H. White 
Mstribut3.m of thfs report is provided in the internst of 
information exchange. Responsibility for the contents 
r e s i d e s  in the asthor OP wganization that prepared it . 
Prepared under Contract No. NA 
BOLT BERANEK AND NEWMAN 
15d08 Wyandotte Street 
Van Muys, California 91406 
for 









2 (NASA CR OR TMX OR I D NUMBER) 
U 
https://ntrs.nasa.gov/search.jsp?R=19700027060 2020-03-11T23:32:48+00:00Z
TECHMIGIES FOR IMPROVING THE LOW-FREQUENCY PERFORMANCE 
OF SFALL REVERBERATI3N CHAMBERS 
By Terry D. Scharton, Peter E. Rentz, David Lubvm, 
and Pritchard H. White 
Distribution of t h i s  report  is provided in the i n t e r e s t  of 
Information exchange. Responsibi l i ty  fo r  the zoqtents 
resides in the author or oreanizatlon that prepared it. 
Prepared under Contract No. XAS5-21003 by 
BOLT BERANEK AND NEWMAN INC. 
15808 Wyandotte Stree t  
Van Nuys, California  91406 
fo r  
NATIONAL AERONAUTICS 4ND SPACE ADMINISTRATION 
TABLE OF CONTENTS 
INTRODUCTION . . . . . . . . . . . . . . . . . . . . .  1 
DESIGN AND EVALUATION OF TWO CHAMBER CONFIGURATIONS . 2 
Rectangular Chamber . . . . . . . . . . . . . . .  3 
Reverberation time . . . . . . . . . . . . . .  3 
Sine sweep response . . . . . . . . . . . . .  3 
Fodal overlap . . . . . . . . . . . . . . .  2 
Spatial variations . . . . . . . . . . . . .  6 
Truncated Chamber . . . . . . . . . . . . . . . .  7 
Revefieration time . . . . . . . . . . . . . .  7 
Sine sweep response . . . . . . . . . . . . .  8 
Spatial variations . . . . . . . . . . . . . .  8 
TECHNIQUES FOR IMPROVING THE LOW-FREQUENCY PERFORMANCE 
OF SMALL REVERSERATION CHAMBERS . . . . . 9 
Modal Enrichment Panels . . . . . . . . . . . . .  10 
Reverberation time . . . . . . . . . . . . . .  12 
12 Sine sweep response . . . . . . . . . . . . .  
Spatial  variations . . . . . . . . . . . . . .  14 
increased Absorption . . . . . . . . . . . . . .  14 
Electronic Feedback . . . . . . . . . . . . . . .  15 
Multiple Uncorrelated Sources . . . . . . . . . .  16 
DESIGN OF REVEiWERATION CHA.ND3EF.S . . . . . . . . . . .  16 
D e s i g  Guides . . . . . . . . . . . . . . . . . .  16 
Predicted Performance of a 2,135 Cubic Foot 
Truncated Chamber . . . . . . . . . . . . . . . .  19 
CONCLUSIOMS . . . . . . . . . . . . . . . . . . . . .  21 
REFERENCES . . . .  . . . . . . . . . . . . . . . . .  22 
FIGURES 
By Terry E. Scharton,  Peter E .  Rentz, David Lubman, 
and P r i t cha rd  Y. Vhite 
Bolt  Beranek and Newman Inc  
INTROCUCTION 
This r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  an experimental  
l n v e s t l p a t i o n  of t h e  performance c h a r a c t e r i s t i c s  of small 
r eve rbe ra t ion  chanbers . 
I n  t he  course of t h e  i n v e s t i g a t i o n  a small r e c t a n g u l a r  
135 cubic  feet concre te  block r e v e r b e r a t i o n  chanber was 
designed, fabricated, and evalua ted .  The experimental  
results obtained I n d i c a t e  that  the  chamber perforrrjnce 
eva lua ted  on t h e  basis of s t a t i s t i c a l  r e l i a b i l i t y  and small 
spat ia l  v a r i a t i o n s  i n  t h e  t i m e  mean-square a c o u s t i c  presi-u- 
is good when the modal overlap index of t h e  chamber is 
greater than  1/3. I n  a d d i t i o n  t o  the r e c t a n p u l a r  chamber 
conf ipu ra t lon ,  a t r u n c a t e d  chamber c o n f i g u r a t i o n  was 
experimental ly  i n v e s t i g a t e d ,  and t h e  r e s u l t s  i n d i c a t e  
that  t h e  chanber Derformarxe is Insensltrve t o  tbe chanae 
In t h e  shapE of t h e  chamber and apa in  depenck only on 
th2  modal over lap  index,  which is a func t ion  of the chamber 
volune and r eve rbe ra t ion  time 
The primary ob3ect ive of t h i s  i n v e s t i g a t i o n  was t o  
i n v e s t i g a t e  means q f  improving t h e  low-frequency perfornance 
of  small r e v e r b e r a t i o n  chambers. The fo l lowing  techniques 
were Inves t iga t ed :  (1) honeycomb panels  were placed i n s i d e  
the chanber t o  e n r i c h  t h e  apparent  a c o u s t i c  modal d e n s i t y ,  
(2) abso rp t ion  was added t o  i n c r e a s e  t h e  modal overlap 
a t  low f requencies ,  ( 3 )  feedback devices were used i n  
an attempt t o  i n c r e a s e  t h e  r eve rbe ra t ion  time, (4) mul t ip l e  
uncor re l a t ed  scmrces were used i n  an attempt t o  smooth 
t h e  frequency and spat ia l  response of  the chamber. The 
a d d i t i o n  of t h e  modal enr ichnent  honeycomb panels did  
inc rease  the appsrent  a c o u s t i c  modal d e n s i t y  o f  !Ax chamber 
and reduce the low-frequency spat ia l  v a r i a t i o n s  The 
a d d i t i o n  o f  absorption a l s o  r e s u l t e d  i n  s m a l l e r  spat ia l  
v a r i a t i o n s  i n  t h e  low-frequency regime. (This technique 
1s c u r r e n t l y  used t o  improve the low-frequency response 
of r e v e r b e r a t i o n  rooms used t o  measure the  sound power 
radiated by ?r!ech?nical equipment. ) T’ne e l e c t r o n i c  feedback 
technique d i d  not  work f o r  broad-band no i se  e x c i t a t i o n  
because of feedback i n s t a b i l i t y  a t  a s i n F l e  frequency 
i n  t h e  e x c i t a t i o n  band. The use  of  mul t ip le  uncor re l a t ed  
sources d i d  no t  r e s u l t  I n  an improvement i n  the  performance 
obtained w i t h  a s i n g l e  source .  
I n  a d d i t i o n  an expres s ion  i s  p o s t u l a t e d  f o r  r e l a t i n g  
t h e  power d e l i v e r e d  by an a c o u s t i c  d r l v e r  i n  a small 
r e v e r b e r m t  room t o  t h e  power delivered by the  d r i v e r  
i n  a p rogres s ive  wave tube .  This express ion  i s  based 
upon c u r r e n t  a n a l y t i c a l  work and experimental  data pre- 
s e n t e d  i n  the  l i t e r a t u r e .  
This r e p o r t  desc r ibes  t h e  design and eva lua t ion  o f  
two chamber conf igu ra t ions  d i scusses  t he  i n v e s t i g a t i o n  
of techniques f o r  inqroving  the low-frequency performance 
o f  reverberation chambers o u t l i n e s  guides f o r  des ipning  
r e v e r b e r a t i o n  chambers, and p r e s e n t s  p r e d i c t i o n s  o f  t he  
performance of 2135 cubic fget concre te  wall and s t e e l  
wall r eve rbe ra t ion  chambers. 
Figure 1 shows t h e  small r e v e r b e r a t i o n  chamber used 
i n  the experimental  p o r t i o n  of  this program. The chamber 
walls are cons t ruc ted  f r m  s t anda rd  concre te  b l o c k s  f i l l e d  
w i t h  sand, and t h e  c e i l i n g  i s  il s t e e l - r e i n f o r c e d  6 i n .  
concre te  slab poured i n  p l a c e .  Entrance t o  t h e  chamber 
I s  provided by a 47 i n .  x 2 0 . 5  i n .  x 2 i n .  solid core 
door w i t h  a good a c o u s t i c  seal. The i n s i d e  o f  t h e  chamber 
i s  f i n i s h e d  with a hard  smooth plaster .  
The i n s i d e  dimensions of  t h e  b a s e l i n e  r e c t a n g u l a r  
chamber conf igu ra t ion  a r e  76.3 i n . ,  62 i n . ,  and 4 9 . 2  i n .  
which correspond. t o  a volume of 135 ft- and a s u r f a c e  
area of 160 .5  f t 2 .  
3 
The b a s e l i n e  chamber dimensions are 
approxi:-ately i n  t h e  r a t i o  ( 3 fl : 3fi : 1) suggested 
by Seprneyed’ f o r  good chamber performance. 
I n  qrder t o  estimate tne performance o f  a proposed 
3 NASA Goddard 2135 f t  non-rectangular  r e v e r b e r a t i o n  chamber, 
a second chamber conf igu ra t ion  shown i n  F ig .  2 ,  was lnves-  
t igated . The t r u n c a t e d  chamber conf igu ra t ion  is r e a l i z e d  
2 
by i n s e r t i n g  a r e i n f o r c e d  p l a s t e rboa rd  wt=dpe a long  the 
lower l e f t  s i d e  of The chamber. The t r u n c a t i o n  re.Imes 
t h e  chamber f l o o r  w i d t h  from 62 i n .  t o  17 i n .  and t h e  
he igh t  of  t h e  l e f t  chamber wall from 76.3  i n ,  t o  32 i n .  
The volume of t h e  t r u n c a t e d  chamber is 107 f t 3 ,  and t h e  
surface area is 151 f t  . 2 
Rectangular Chamber 
Reverberat ion time. - Figure 3 shol-s measurements of 
t h e  r eve rbe ra t ion  time of t h e  r e c t a n g u l a r  chamber shown 
i n  Fig. 1 e x c i t e d  w i t h  L/+octave band no i se .  In  two 
of  the low-frequency 113-octave bands, t h e  decay rate 
traces used t o  c a l c u l a t e  r eve rbe ra t ion  t i n e s  showed double 
s lopes  . For these f requencies  two r eve rbe ra t ion  times, 
corresponding t o  each s lope ,  are p l o t t e d  i n  F i g .  3. 
The measured r e v e r b e r c t i o n  times i n  t h e  low frequency 
regime from 160 t o  500 Hz show cons iderable  sca t te r  b u t  
genera l ly  ranpe from 3-5 seconds.  I n  t h e  frequency range 
from 630 t o  16,000 Hz, t h e  measured r e v e r b e r a t i o n  t i r e s  
decrease i n  an o rde r ly  manner from approximately 3 seconds 
a t  630 Hz t o  1/2-second a t  16,000 Hz. A l s o  shown i n  Fig. 3 
is an e f f e c t i v e  abso rp t ion  c o e f f i c i e n t  c a l c u l a t e d  from 
the  r eve rbe ra t ion  time T accord ing  to- 2/ 
.04gV 
CtA 
T =  - 
where V is t h e  volume and A the  s u r f a c e  area. The e f f e c t i v e  
absorp t ion  c o e f f i c i e n t  ranges from 1% a t  low f requencies  
t o  approximately 5% a t  8000 Hz, It shou ld  be poin ted  out  
that  i n  t h e  h igh  frequency reqime t h e  e f f e c t i v e  absorp t ion  
c o e f f f x i e n t  r e f l ec t s  t h e  e f f e c t  of  a i r  absorp t ion  as well 
as t he  absorp t ion  a t  the  walls of the  chamber. 
Sine sweep response .  - Figure  4 shows t h e  s i n e  sweep 
response o f  t h e  r e c t a n g u l a r  charnber. The resonance fre- 
quencies  f, of t h e  chamber can be c a l c u l a t e d  from t h e  
3 1  t 1  c h a r a c t e r i s t i c  equat ion  given by- 
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9 3  
t h e  i n d i c e s  nxJ  n 
. . . e t c .  The number of modes of  t h e  chamber i n  each 
one-third octave band has bee;? c a l c u l a t e d  d i r e c t l y  from 
Eq. 2 using a digital compGter program and also from 
t h e  asymptotic modal dens i ty  n ( f )  express ion  given by- 
and nz take on t h e  values  0 ,  1, 2$ 3 ,  Y '  
4/ 
I? + ~ r f  2 V T f A  + + -  n ( f )  = 2 v i ? $  C 2c ( 3 )  
where P i s  t h e  length  o f  chamber wall i n t e r s e c t i o n s .  
The number of modes i n  each t h i r d  octave band c a l c u l a t e d  
from Eqs. 2 and 3 are compared i n  Tab le  I .  The r e s u l t s  
presented  i n  Table I indicate that f o r  t h e  chamber under 
cons ide ra t ion ,  t h e  s i m p l i f i e d  asymptot ic  modal d e n s i t y  
express ion  a c c u r a t e l y  p r e d i c t s  t h e  nw.ber of modes i n  
one- th i rd  octave bands . 
TABLE I. - C O M P A R I S O N  OF A S Y M P T O T I C  AND CHARACTERISTIC 
EQUATION MODAL D E N S I T I E S  FOR lJ3-OCTAVJZ BANDS 
4 
It i s  common p r a c t i c e  t o  determine t h e  modal dens i ty  
by count ing  t h e  number of peaks i n  the  s ine  sweep respcnse .  
I n  F ig .  5 t h e  c w w l a t l v e  resonance frequency d i s t r i b u t i o n ,  
the i n t e g r a l  o f  t h e  modal d e n s i t y ,  determined from E q .  3 
i s  compared w i t h  a count of t h e  s i n e  sweep peaks e x h i b i t e d  
i n  F ig .  4 .  The c r i t e r i o n  used f c r  count ing  t h e  s i n e  sweep 
response peaks vas t h a t  t h e  peak-to-valley r a t i o  must 
be 3 dB o r  more I n  o r d e r  t ha t  t h e  peak be counted. The 
r e s u l t s  o f  F ig .  5 i n d i d a t e  t h a t  above approximately 315 Hz 
the response peak count nethod underest imates  the  cumulative 
resonance frequency d i s t r i b u t i o n .  The f irst  reason  f o r  
t h i s  i s  that some of  t h e  peaks are missed i n  t h e  count ing  
procedure i n  t h e  high frequency regime where the response 
peaks are c l o s e l y  spaced i n  frequency. This d i f f i c u l t y  
can be a l l e v i a t e d  by measuring t h e  s i n e  sweep response 
wi th  a l i n e a r  frequency sweep t o  inc rease  t he  frequency 
r e s o l u t i o n .  The second reason  l i e s  i n  t h e  fact tha t  i n  
t h e  h igh  frequency regime, where many response modes 
occur  wi th in  t he  band width of  a s i n g l e  mode ( the  reg ion  
of modal o v t r l a p ) ,  t he  response peaks do no t  i n  fact  
even correspond t o  xodal  resonance f requencies  .SI 
Modal over lap .  - The index of modal over lap ,  M ,  provides  
a measure of the lowest usable  frequency i n  a well designed 
r eve rbe ra t ion  room. The index M i s  def ined  as t h e  product 
of t h e  3 dB bandwidth A of a t y p i c a l  modal resonance and 
t h e  modal densf ty  n and is  thus  given by 
The 3 dB bandwidth o f  a modal resonance is given by 
A = -  2.2 
T ’  ( 5 )  
where T is the  r eve rbe ra t ion  time f o r  the  mode j n  ques t ion .  
Using the f irst  term of  the asymptotic formula for modal 
dens i ty  (Eq. 3) i n  E q s .  4 and 5 y i e l d s  for t h e  frequency f, 
correspollding t o  a modal over lap  Index M 
Equation 6 may be  used t o  f i n d  t h e  c u t o f f  frequency f c  
for statistical behavior  of a hell desipned r e v e r b e r a t i o n  
room w i t h  known volume and r eve rbe ra t ion  time. A l t e r n a t i v e l y ,  
i t  may be used t o  f i n d  t h e  requi red  s i z e  f o r  a r eve rbe ra t ion  
room in tended  t o  opera tz  a t  f requencies  as low as f c .  
5 
I n  e i t h e r  case  orie has f i r s t  t o  s e l e c t  a minimum w l u e  
o f  M .  'I39 appropr i a t e  va lue  o f  M is an important  (an  open) 
ques t ion .  The cu r ren t  p r a c t i c e  i s  t o  choose M = 3,  however, 
t h e  resul ts  of t h i s  s tudy i n d i c a t e  t h a t  this choice may 
b e  t o o  conserva t ive .  I n  o t h e r  words, a well designed room 
may be u s e f u l  t o  lower f requencies  than  i s  given by Eq. 6 
wi th  M = 3 .  The ques t ion  of p ick ing  t h e  appropriate 
va lue  o f  modal over lap  index  i s  considered f u r t h e r  i n  
t h e  next  s e c t i o n .  
Spat ia l  l rar i ; t ions.  .. - Figrye 6 p re sen t s  measured and 
p r e d i c t e d  sp, -:la1 v a r i a t i o n s  1.n t h e  r e c t a n g u l a r  chamber. 
F igure  6 a l s c  p re sen t s  t h e  value of modal over lap  as a 
func t ion  or' frequency c a l c u l a t e d  from Eq.  6 us ing  t h e  
measured values  of  r e v e r b e r a t i o n  time repor t ed  I n  F i g .  3 .  
The empi r i ca l  values  of t h e  s tandard  devia t ior ,  o f  
sound pres su re  l e v e l ,  S y  are computed from a s e t  o f  60 
sound pressu- e l e v z I s  veasured a t  var ious  l o c a t i o n s  i n  
the  chamber w i t h  l / l0 -oc tave  band and 1/3-octave band 
no i se  e x c i t a t i o n .  The l o c a t i o n s  were chosen f o r  exper i -  
mental convenience t o  l i e  on t h e  curved surface o f  an 
imaginary c y l i n d e r  2 f t  i n  diameter bnd 4 f t  long .  The 
c y l i n d e r  a x i s  is normal t o  t h e  chamber f l o o r  and passes 
through t h e  c a t e r  of t h e  chamber. A l l  measurement loca- 
t i o n s  were a t  least l f t  from t h e  chamber boundar ies .  
S i s  computed from the  s e t  o f  60 measurement l e v e l s ,  
[LiJ9 us ing  t h e  customary formula f o r  t h e  s t anda rd  d e v i a t i o n  
o f  a group o f  measurements given by 
Expressed i n  t h i s  way, S Is an index o f  t h e  magnitude 
of spat ia l  v a r i a t i o n  i n  t h e  chamber. It is indzpendent 
o f  t h e  mean l eve l ,  meaning S would not  change i f  t h e  
experiment were repeated a t  a d i f f s r e n t  sound pres su re  
l e v e l ,  and i t  i s  independent o f  time becailse t h e  i n d i v i d u a l  
sample l e v e i s  are already time-averaged quant i t ies  
The pred ic t ed  s t anda rd  dev ia t ion  I n  dB u n i t s ,  C ,  
whicri a p p l i e s  only a t  t h e  high f requencies  where M i s  
6 /  greater  than  1 is  given by- 
-1/2 o = 5.6(1 + 0.23  BT) Y 
6 
where B is t h e  equiva len t  f l a t  spectrum bandwidth of 
the  e x c i t a t i o n .  
B = 0 . 1 1  f 
cente;? frequency ) 
( B  = 0.23  f, f o r  l /?-octave bands a d  
f u r  l/lO-octave bands,  where fo  i s  t h e  band 
0 
The data presented  i n  F ig .  6 i n d i c a k  t h &  t h e  predibec 
and empirical values  of  spa t i a l  v a r i a t i o n  f o r  1 1 2  and 
1/3 octave  band e x c i t a t i o n  are i n  e s s e n t i a l  agreement 
a t  f requencies  abo-e 1000 Hz corresponding t o  modal ove r l ap  
indexes greater than  1. However t h e  measured values  of  
spa t i a l  v a r i a t i o n  do not  exczed 1 dB u n t i l  one goes t o  
f requencies  less than  630 Hz. (Not ice  t ha t  the  measured 
spa t i a l  v a r i a t i o n s  f o r  l/lO-octave band e x c i t a t i o n  change 
s lope  considerably a t  630 Hz.) The data presented i n  
F i g .  6 thus  i n d i c a t e  t h a t  t h e  r e c t a n g u l u  c7-.:..:ber i s  u s e f u l  
a t  f requencies  above 630 Hz o r  a t  modal ove' -?p i n d i c e s  
above 1/3. 
The measured r eve rbe ra t ion  times presczfed  in F i g .  3 
alsc l end  credence t o  t h e  choice of  lower x t o f f  frequency 
o f  630 Hz a n 1  modal over lap  Andex of  l/3. A t  f requencies  
below 630 Hz the r eve rbe ra t ion  decay measurements e x h i b i t  
i r r e g u l a r i t i e s  of var ious  kfnds such as double &,pes 
and f l u c t u a t i o n  !n t he  mczn r e v e r b e r a t i o n  t h e  f r o 3  fre- 
quency band t o  band. A t  f requencies  above 630 Hz ';he decay 
curves show s i n g l e  s lopes  and a sys temat ic  t r e n d  i n  t h e  
mean s lope  from frequency band t o  band. 
Truncated Chamber 
Reverberat ion time. - Figure " shcws 1/3-octavc band 
e x c i t a t i o n  measureme.-As o f  t he  r e v e r b e r a t i o n  time of tne 
t r u n c a t e d  chamber. m e  n,zac;ured r eve rbe ra t ion  times have 
also been converted i n t o  an e f f e c t i v e  absorp t ion  c o e f f i c i e n t  
us ing  Eq. 1. The measured r eve rbe ra t ion  times show con- 
s iderabie  s c a t t e i *  a' - are sometives mult ivalued a t  f requencies  
below approximately 2 H z  and (yecrease monotonically w i t h  
i n c r e a s i n g  frequenc3 ove 4GO kz. Comparison of  t he  
c a l c u l a t e d  absorp t  iL. d a ? f F i c i e n t s  f o r  +.?e t runca ted  
chamber ( F i g .  7 )  and t h e  r e c t a n g u l a r  chamber ( F i g .  3) 
ind ica+s  t h a t  t h e  e f f e c t i v e  absorp t ion  c o e f f i c i e n t  o f  
t h e  two conf igu ra t ions  are approximacely t h e  same a t  all 
f requencies  . The r eve rbe ra t ion  time of t h e  t runca ted  
chamber i s  approximately 85% of  t h e  r eve rbe ra t ion  tlme 
of t h e  r e c t a n g u l a r  chamber i n  accordance wi th  t h e  depen- 
dency of the  r eve rbe ra t ion  time upon t h e  volume t o  area 
r a t i o  of t h e  two chamt-ers (see  Eq. 1). 
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S i n e  sweep response.  - The s i n e  sweep x s p o n s e  of  
t h e  t runca ted  chamber i s  shcm i n  F i g .  8 .  Coinparison 
of’ t h e  s i n e  sweep response of  t h e  trunca%ecl cnarnber ( F I E .  53 
w i t h  t h e  s i n e  sweep respmse of t! ie r e c t a n p d a r  c?amber 
( F i g .  4 )  i n c i c a t e s  t h a t  t h e  t r u c c a t e d  shaF?e d i d  nor: r e s u l t  
I n  excess ive  fr2ql.iency i r r e g u l a r i t y  o r  bunching cf the 
zharnbr reso5lant f r e q u e n c k s .  Therefore i t  may be cuncluL2d 
thz t  t h e  asymptot ic  modal dens i ty  express ion  given by 
E q .  3 a p p l i e s  equal ly  well t o  the truri;ated o r  ?ec tsnpuIar  
c h a m e r  i f  the appropr i a t e  volume, s u r f a c e  area, -TI 
i n t e r s e c t i o n  length  are used. 
Spat ia l  v a r l a t j  -- ons - The  measured and p r e d i c t e d  s?ati%!. 
v a r i a t i o n s  f o r  ,/lo-octave a r d  1/3-octave band noise  
e x c i t a t i o n  are shown i n  F ig .  9 f o r  t h e  t runca ted  chamber. 
Tine measured s p a t i a l  v a r i a t i o n s  i n  b o t h  one-tenth and 
one- th i rd  octave bands are s l i g h t l y  larger  i n  the  t rwvs ted  
chamber than  i n  t h e  r e c t a n g u l a r  chamber. In t h e  h i k h  
modal over lap  regime where Eq. 8 a p p l i c s ,  the hi,gher s p a t i N  
v a r i a t i o n  results from the  decreased r e v e r b e r a t i c n  time 
of  t h e  t runcu ted  chamber. I n  t h e  region of low mod2.1 
over lap ,  M c 1, it has b e m  skowr? t h a t  t h e  spa t i a l  v a r i a p n  
is  inve r se ly  m o p o r t i o n a l  t o  t h e  chamber modal dens i ty  .& 
The lsrge-* v a r i a t i o n s  of  t h  trluicatec! chamber’ i n  tLeJ 
low frequenc) regime r e s u l t  beczuse t h e  t runca ted  chamber 
has s l i p h 5 l y  less volume and t h e r e f o r e ,  a smdler  n7dtJ. 
dens i ty  t h m  t h e  r e c t a n g u l a r  chamber configu-3tIon. 
The spa t ia l  v a r i a t i o n  data presented  ir. Fig .  ) i c d i c c  ‘-e 
a change of  slope I n  t h e  frequency range c ’ 5W or  &d d z v  
whlch as I n  t h e  case  w i t h  t he  r e c t a n g u l a r  chamber cor res -  
ponds t o  a modal over l ap  index  of  approximztely cne-i ;hfrL 
T L ~  data p resen ted  I n  Figs. 3 throuph 9 i n d k a t e  t h a t  
the s t a t i s % i c a l  descr ip++ors  : one- th i rd  ac tave  band x v w r -  
b e r a t i o n  time, asymptc t ic  modal dens i ty ,  and mnoda.1 over lap  
index apply e q u a l l y  well. t te t rmcated and ?ec t a n g u l s r  
chamber; and I n d i c a t e  that 11 31ffeYence i n  I;rlE $_ape 
of  the ChairberS does not  s ign i f ica1 , t ly  aff’ect t h e  ~eef’@r-- 
mance of t h e  t runca ted  chamber. The reve rbe ra t ion  ttrne,, 
modal d e n s i t y ,  and spatial v m i a t l w  data f o r  the !.do 
a reasonable  va lue  f o r  c a l -  113t ing tne lower cutm’f f i .2  ’. 
quency f o r  good s t a t i s t i c a i  performance of t h e  chamber . 
chambers presented  in F i g s .  3 i,hrcuFh 9 a l l  inelcake +> 
a modal over lap  index  of spp?oxlmat;el~ one-thlrc! c<Ji;.-3’ Ate3 
TECHNIQUES FGR I M P R W I N G  THE L O N - T T Q U E N C Y  PE5FCRYANCE 
OF SNALL R%VERBERATICi( CHAMBERS 
As i n d i c a t e d  i n  t h e  previous chap te r ,  t h e  p e r f o r n a m e  
of a w e l l  designed r eve rbe ra t ion  chamber depends s t r o n g l y  
on t h e  modal overlap index M, which is def ined  as  t h e  
product o f  t h e  modal b v d w i d t h  and t h e  modal d e n s i t y .  
I n  t h e  frequency regime where t h e  modal o v e r L 7  index is 
much less than  one, t h e  chamber a c o u s t i c  f i e l d  i s  unpre- 
dictable and t h e  s p a t i a l  v a r i a t i o n s  are large; 2nd i n  
t h e  frequency regime where t h e  modal overlap index i s  
of t h e  o rder  u n i t y  o r  larger t h e  chamber a c o u s t i c  f i e l d  
i s  well def ined i n  a s t a t i s t i c a l  sense, and the s p a t i a l  
v a r i a t i o n s  i n  the  a c o u s t i c  f i e l d  are r e l a t i v e l y  small. 
Since the a c o u s t i c  modal dens i ty  depends pr imari ly  on the  
chamber volume, Eq.  3, it is  common p r a c t i c e  t o  des ign  
very large reve rbe ra t ion  chambers i n  o r d e r  t o  o b t a i n  
a high v a l t e  of modal ov2rlap index and hence good per-  
formance i n  t he  low-frequency regime. 
I f  i t  were poss ib l e  t o  overcome t h e  low-frequency 
problem, a small reverberant  a c o u s t i c  chamber would in 
many cases  c f fe r  advantages over  a large chamber. "he 
most obvious advantage is  cos t  r educ t ion .  I n  a case where 
t h e  t e s t  iten? is  a r e l a t i v e l y  small s p a c e c r a f t  o r  aerospace 
component, t h e  c o s t s  a s soc ia t ed  w i t h  c o n s t r u c t i n g  a large 
chamber and p r o c w i n g  t h e  a c o u s t i c  d r i v e r s  r equ i r ed  t o  
achieve the s p e c i f i e d  a c o u s t i c  l e v e l s  i n  it large chamber 
can be s u f f i c i e n t l y  gmater than  the  cos t  a s s o c i a t e d  w i t h  
d0ir.g t h e  job  i n  a small chanber.  A small chazber a l so  
o f f e r s  t h e  advantage tha t  it may b e  converted t o  a d i r e c t  
f i e l d  a z o u s t i c  test f a c i l i t y  by adding absorp t ion .  
This s e c t i o n  describes an i n v e s t i g a t i o n  of  several 
techniques f o r  inproving the  low-frequency performance 
of small reverbera%ion chambers . The first  technique 
Involves t h e  a d d i t i o n  of f l e x i b l e  honeycomb panels  t o  
t h e  chamber i n  order t o  inc rease  t he  apparent a c o u s t i c  
modal densi ty  andathereby t h e  modal over lap  index, a t  
low frequencies .  
The second technique c o n s i s t s  of adding absorp t ion  
t o  decrease t h e  reverbeyat ion time and t h e r e b y  inc rease  
the  modal bandwidth and modal overlap i n d e x  a t  low frequen- 
c i e s .  This technique is not  q u i t e  as appea l ing  as t h e  idea  
o f  i nc reas ing  modal dens i ty  because decreas ing  reverberatio.1 
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time carries wi th  i t  t h e  pencl ty  o f  i n c r e a s i n g  the  high-  
frequency spa t ia l  v a r i a t i o n  (see Eq. 8 )  and a l s o  t h e  
penalty of i n c r e a s i n g  the  amount of sound power r e q u i r e d  
t o  generate  a given sound p res su re  level i n  t h e  chamber. 
The t h i r d  technique f o r  improving t h e  low-frequency pe?- 
formance involves  t h e  use o f  e l e c t r o n i c  feedback device2 
t o  a r t i f i c i a l l y  i n c r e a s e  t h e  r e v e r b e r a t i o n  time i n  the  
chamber, and the  fou r th  technique i 3lves t h e  use of 
uncor re l a t ed  d r i v e r s  t o  inc rease  th spa$i  11 unifGrmity 
of the response. 
Modal Enricheent  P a n e l s  
I n  o rde r  f o r  modal enrichner-t  panels t o  be  e f f e c t i v e ,  
it is necessary t h a t  the panel5  coup:^ s t r o n g l y  t o  the 
a c o u s t i c  f i e l d  and a l s o  e x h i b i t  a high :.-odal dens i ty  ac 
low frequencies.  The requirement t h a t  t h e  pane ls  couple 
strongly t o  the a c o u s t i c  f i e l d  may be  expressed a n a l y t i c a l l y  
by requiring that  t h e  time average e n e r m  i n  a panel  
v i b r a t i o n  mode 8 be approximately equa l  t o  t h e  time P 
average energy i n  t h e  a c o u s t i c a l  mode 9, which d r i v e s  
the panel. This requirement is- 8/ 
= 1  ‘rad 
e 
-E= 
ea ‘rad -t ‘int  
where qrad i n d i c a t e s  t he  r a d i a t i o n  l o s s  f a c t o r  of t he  
panel  and nint i n d i c a t e s  t h e  i n t e r n a l  loss f a c t o r  of  the 
panel .  Thus f o r  s t r o n g  coupling, the r a d i a t i o n  loss f a c t o r  
nust be of t h e  same o r d e r  of magnitude as t h e  i n t e i m a l  
loss f a c t o r .  
The r a d i a t i o n  loss factor of  a panel  I s  2/ 
uhere p c  i s  t h e  c h a r a c t e r i s t i c  a c o u s t i c  impedance, ps 
i s  t h e  panel  m s s  p e r  u n i t  area, and u is t h e  r a d i a t i o n  
e f f i c i e n c y  which depends p r i m a r i l y  on t h e  coincidence 
frequency of t h e  pane l  and, i n  t h e  low-frequency regime, 
on t h e  panel  boundary cond i t ions .  iThus i n  o r d e r  f o r  t h e  
panel t o  be  s t r o n g l y  codpled t o  the a c o u s t i c  f i e l d  a t  low 
f requencies ,  the panel  must have l i g h t  s u r f a c e  weight,  8 
low coincidence frequency, ard small i n t e r n a l  damping. 
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To meet these condi t ions  one-half inch t h i c k  aluminum 
honeyumb panels  with aluminum cores  were chosen. The 
cross  s e c t i o n  of a pane l  is shown i n  F ig .  10 .  The f ace  
sheets of t h e  pane ls  are 1/100 i n .  t h i c k ,  t h e  honeycomb 
core cons is ts  of 3/8 i n .  c e l l s  of one mi11 t h i ckness ,  
and t h e  combined weight of  t h e  su r face  pane l s ,  core ,  
2 and Zdhesive is 0 .43  l b / f t  . Four panels  are suspended 
approximately 6 i n .  from t h e  four  walls, one panel  is 
suspended 6 i n .  from t h e  c e i l i n g ,  and one panel is  suppo-5ed 
on rubber foam approximately 6 i n .  o f f  t h e  f l o o r  as shown 
i n  Fig.  1 0 .  The t o t a l  s u r f a c e  area of the p a n e l s ,  count ing  
one side,  i s  approximately 90 f t  2 
The predicted r a d i a t i o n  loss  f a c t o r  orad of a free-free 
unbaff led  honeycomb panel  8s c a l c u l a t e d  from Eq. 10 I s  
shown i n  Fig. 11. Also  shown i n  Fig.  11 is t he  measured 
t o t a l  loss f a c t o r  of t he  panels  (ntotal 
The t o t a l  loss  f a c t o r  of a panel  was measured by suspending 
a panel t n  an anechoic chamber, e x c i t i n g  t h e  panel  with 
a shaker e x c i t e d  w i t h  an octave band of noise ,  and measuring 
the  decay ra te  of the panel  v i b r a t i o n  when t he  e x c i t a t i o n  
I s  t e rmina ted .  Comparison of the  measured t o t a l  loss  f a c t o r  
with t h e  predicted r a d i a t i o n  loss  f a c t o r  i n d i c a t e s  t h a t  
t h e  p r e d i c t e d  r a d i a t i o n  loss  f a c t o r  is t o o  large i n  the 
mid-frequency range The exp lana t ion  f o r  t h i s  discrepancy 
may lie i n  t h e  fact that  t h e  simple bending wave theory 
used t o  c a l c u l a t e  t h e  r a d i a t i o n  e f f i c i e n c y  i n  Eq.  10 
does not apply t o  t h e  t h i c k  panel because of shear effects .  
However the c a l c u l a t i o n  and measurernents Fresented  i n  
Fig. 11 i n d i c a t e  t h a t  t h e  coupl ing and i n t e r n a l  l o s s  
f a c t o r s  o f  t h e  pane?L are of  t h e  same o r d e r  o f  magnitude 
i n  the frequency y?r7ge 200-1000 Hz and therefore t h e  
pane ls  should be  s t r o n g l y  coupled t o  t h e  r eve rbe ran t  
chamber a c o u s t i c  f i e l d  I n  t h i s  frequency regime. 
+ q i n t ) '  
- - 'rae 
The second requirement f o r  en r i ch ing  t h e  nodal dens i ty  
I s  t ha t  the panels  have a h igh  modal dens i ty  compared 
t o  t h e  a c o u s t i c  modal dens i ty  i n  the frequency range o f  
lo/ i n t e r e s t .  The bending modal dens i ty  o f  a panel is- 
S n ( f )  = - 2 K c 2  
where K i s  t h e  r a d i u s  of  gyration, CQ is t h e  speed of 
l o n g i t u d i n a l  waves, and S i s  t h e  t o t a l  s u r f a c e  a r e 3  of 
t h e  gane ls  The pcnel  modal dens i ty  c a l c u l a t e d  a c c o r d i w  
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t c  Eq. 11 with S = 90 sq  f t ,  K = 1 / 4  i n . ,  and CI1 = 17,000 
ftfs5.c is shown I n  Fig. 1 2  along w i t h  t h e  rectangular charber  
a c o u s t i c  modal dens i ty  c a l c u l a t e d  according t o  t h e  first 
term of  E q .  3. The panel  modal d e n s i t y  i s  equal t o  t h e  
a c o u s t i c  modal d e n s i t y  a t  a f requency  of  approximately 
225 Hz. Therefore we may a n t i c i p a t e  that  a t  a frequency 
of approximately 225 Hz t h e  a d d i t i o n  of honeycomb panels  
should approximately double t h e  apparent  modal d e n s i t y  
of t h e  r e v e r b e r a t i o n  chamber. 
Unfortunately t he  requh-ement t ha t  t h e  par-ttls couple 
s t r o n g l y  t o  t h e  a c o u s t i c  f i e l d  a t  low f requencies  is  somewhat 
I n  c o n t r a d i c t i o n  t o  t h e  requirement that  t h e  pane ls  have 
high modal d e n s i t y  a t  low f requencies ,  s i n c e  the  reTuiFement 
f o r  s t r o n g  coupl ing r e q u i r e s  th ick  panels  i n  o r d e r  G O  
achieve a low coincidence frequency and t h e  r e q u j  rernmt 
f o r  h igh  modal d m Y t y  r e q u i r e s  t h i n  f l e x i b l e  par,els . 
I d e a l l y  it would have been advcntageous t o  en r i ch  t h e  modal 
d e n s i t y  of t h e  honeycomb panels  by che a d L , i o n  o f  secondary 
s t r u c t u r e  us ing  a technique that nas been previous ly  
i n v e s t i g a t e d .  11-13' 
i n d i c a t e  t ha t  it would be p o s s i b l e  t c  i n c r e a s e  t h e  xodal 
d e n s i t y  of t h e  honeycomb pane l s  by as much as 8 f a c t o r  
of 10 wkich would extend  the  frequency range of a c o u s t i c  
modal enrlchment i n  t h e  p re sen t  example t o  a frequency 
of  approximately 1000 Hz. However the enrichment of the  
honeycomb panel  modal dens i ty  was beyond t h e  scope of 
t h e  p re sen t  i n v e s t i g a t i o n .  
The r e s u l t s  of t h i s  previous research 
Reverberst ion time. - The measured r e v e r b e r a t i o n  t ime 
and c a l c u l a t e d  abso rp t ion  c o e f f i c i e n t  for t he  r e c t a n g u l a r  
chamber with the modal enrichment pane ls  i n  p l ace  i s  shown 
i n  F ig .  13.  The a d d i t i o n  of  t he  modal enrichment pane l s  
reduced the r e v e r b e r a t i o n  t tmes t o  approximately 50% of  
t h e  valuesi'or t h e  hard-wall - rectangular  chamber (see 
Fig. 3). 
Sine swt3p response.  - Figure  1 4  shows t h e  s i n e  sweep 
response of t h e  r e c t a n i u l a r  chamber wi th  t h e  modal enr ich-  - 
ment pane ls  i n  p l a c e .  
experiment was t h e  same as in t h e  sine sweep experiment 
with t h e  hard-wall r e c t a n g u l a r  and t r u n c a t e d  chamber 
conf igu ra t ions  . The room was e x c i t e d  with a loud-speaker 
placed i n  one corner  of t h e  room, and t h e  room response 
was measured w i t h  a ha l f - inch  microphone placed I n  t h e  
d iagonal ly  oppos i te  co rne r .  Comparison of t h e  s i n e  sweep 
response of  t h e  r e c t a n g u l a r  chamber w i t h  t h e  modal enr ich-  
ment pane ls  w i t h  t h e  s i n e  sweep response for t h e  hard-wall 
The experimental  s e t u p  i n  t h i s  
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r e c t a n g u l a r  chamber (F igs .  1 4  and 4)  I n d i c a t e  that  t h e  
a d d i t i o n  of  the  panels  r e s u l t e d  I n  approximately twice 
as many peaks i n  t h e  s ine  sweep response i n  the  200 and 
250 Hz bands.  "his is exactly t h e  frequency regime i n  
which one would expect  the  modal enrichment pane ls  t o  
inc rease  the  number of chamber modes, because below 200 Hz 
the  coupl ing between t h e  panels  and the a c o u s t i c  f i e l d  
i s  small ( P i g .  11) and above 250 Hz t h e  room modal dens i ty  
is larger t h a n  the  panel  modal dens i ty  (F ig .  12) .  
- 
1/3-0ctave 










Table I1 shows a comparison of  t he  number of modes 
i n  1/3-octave bands f o r  t h e  hard-wall and honeycomb panel 
r e c t a n g u l a r  chambers. Column 2 of Table I1 l i s t s  the  number 
of  modes i n  each 1/3-octave band calculated from the asyrnp- 
t o t l c  equat ion  ( E Q . ~ ) ,  column 3 l i s t s  the  peaks counted 
i n  the sine sweep response (F ig .  4) of  the  hard-wall 
chamber using 8 3 dB c r i t e r i a ,  and column 4 p r e s e n t s  the 
peak count for t h e  modally enr iched  r e c t a n g u l a r  chamber 
s i n e  sweep response (Fig. 1 4 ) .  A s  I n d i c a t e d  I n  Fig. 5, 
t h e  pezk count method doer n o t  y i e l d  an a c c u r a t e  ind ica-  
t i o n  of t h e  modal d e n s i t y  for 1/3-octave bands above t h e  
315 Hz band. 
Number of Modes i n  1/3=0ctave Bands 
Asymptotic Peak Count Peak Count 
Ca lcu la t ion  for Hard-Wall f o r  Honeycomb 
for Hard-Wall Rectangular Panel  Rectan- 
Rectangular Chamber g u l a r  Chamber 
Chamber 
1 1 I 
1 1 2 
1 2 2 
3 2 2 
4 3 6 
8 6 12 
14 10 13  
27 11 19 
TABLE 11. - C O W A R I S O N  OF HONEYCOMB PANEL AND HARD WALL 
RECTANGULAR CHAMT3ER MODAL DENSITIES 
Spat ia l  v a r i a t i o n s .  - The p r e d i c t e d  and measured 
sps t ia l  v a r i a t i o n s  i n  the r e c t a n g u l a r  chamber wi th  modal 
enrichment panels  are p resen ted  in Fig .  15 f o r  t h e  cases  
of l / l0-octave and 1/3-octave band e x c i t a t i o n .  Comparison 
of the  measured spa t ia l  Var i a t ions  presented  i n  Fig. 1 5  
w i t h  those  presented  i n  F ig .  6 i n d i c a t e s  t h a t  t h e  a d d i t i o n  
of  t he  modal enrichment pane ls  s i g n i f i c a n t l y  decreases  
t h e  spat ia l  v a r i a t i o n s  i n  t he  frequency reglme below 
630 Hz f o r  both 1/10 and l/3 octave band e x c i t a t i o n .  
This decrease i n  spat ia l  v a r i a t i o n  w i t h  the modal enr ich-  
ment panels  i n  place r e s u l t s  from two e f f e c t s :  (1) t he  
i n c r e a s e  i n  t he  apparent  room modal d e n s i t y  and ( 2 )  the 
decrease i n  t h e  r e v e r b e r a t i o n  time. The Increased  absorp- 
t i o n  experiments descr ibed  i n  the  next s e c t i o n  were conducted 
i n  o rde r  t o  i s o l a t e  these two e f f e c t s .  
Increased  Absorption 
A small s e c t i o n  of fiberglass b lanket  measuring approxi- 
mate ly  2 f t  x 1 f t  x 1 / 2  f t  was placed in a co rne r  of  
t h e  hard-wall r e c t a n g u l a r  chamber i n  o r d e r  t o  increase 
t h e  absorp t ion  without a f f e c t i n g  t h e  modal d e n s i t y .  The 
measured r e v e r b e r a t i o n  time with 113-octave band e x c i t a t i o n  
and the  c a l c u l a t e d  abso rp t ion  c o e f f i c i e n t  o f  t h e  r e c t a n g u l a r  
chamber wi th  t h e  inc reased  absorp t ion  i s  shown i n  Fig.  1 6 .  
A comparison of Fig.  16 with Fig.  13 i n d i c a t e s  t h a t  t h e  
r eve rbe ra t ion  time of  t h e  inc reased  abso rp t ion  c o n f i g w a t i o n  
is J u s t  s l i g h t l y  less than  the r e v e r b e r a t i o n  t i m e  o f  t h e  
modal enrichment conf igu ra t ion .  
me measured and p r e d i c t e d  spa t i a l  v a r i a t i o n s  of the  
increased  abso rp t ion  chamber are shown i n  Fig. 17 .  Com- 
pa r i son  of F igs .  17 and Fig. 6 i n d i c a t e s  t h a t  the a d d i t i o n  
of abso rp t ion  decreased t h e  spat ia l  v a r i a t i o n s  i n  t h e  
low-frequency regime below approximately 630 Hz and inc reased  
t h e  spatial v a r i a t i o n s  i n  t h e  high-frequency r e g i n e  above 
630 Hz. To e x p l a i n  t h i s  effect  n o t i c e  t ha t  t he  inc rease  
in absorp t ion  decreases  from 630 Hz t o  400 Hz the frequency 
a t  which t h e  modal ove r l ap  index i s  equa l  t o  1/3. Thus 
t h e  modal overlap regime i n  which one expects small spatial  
v a r i a t i o n s  is extended frois 630 Hz down t o  400 Hz and 
the  low-frequency spa t ia l  v a r i a t i o n  is t h u s  decreased 
by t h e  a d d i t i o n  of t h e  inc reased  abso rp t ion .  However 
i n  t h e  modal over lap  regime above 400 Hz, Eq. 8 i n d i c a t e s  
t ha t  i n c r e a s i n g  t h e  at s o r p t  i on  i n c r e a s e s  the spatial  va r i a -  
t i o n s .  Thus t h e  a d d i t i o n  uf abso rp t i cn  raises t h e  spat ia l  
v a r i a t i o n s  i n  t h e  high-frequency regime . 
3.4 
F i g u r e  18 presents t h e  d i f f e r e n c e  i n  t h e  s p a t i a l  
v a r i a t i o n s  measured w i t h  t h e  inc reased  absorp t ion  and 
wi th  the modal enrichment panels f o r  t h e  case of U 3 -  
octave band e x c i t a t i o n .  This d i f f e r e n c e  i s  i n t e r p r e t e d  
a s  evidence t h a t  t h e  decrease i n  t h e  spa t i a l  v a r i a t i o n s  
wi th  the modal enrichment pane ls  i n  p l ace  i s  larger than  
would be expected on the  basis of t h e  panels a f f e c t i n g  
t h e  r eve rbe ra t ion  t inie a lone . 
E l e c t r o n i c  Fee d5 ack 
A number of  experiments were conducted t o  i n v e s t i g a t e  
t h e  p o s s i b i l i t y  of  us ing  an a c t i v e  e l e c t r o n i c  feedback 
sys t em t o  a r t i f i c i a l l y  i n c r e a s e  the  r e v e r b e r a t i o n  time 
and modal dens i ty  of t h e  chamber. The e l e c t r o n i c  feedback 
network cons i s t ed  o f  a delay l i n e ,  an a r t i f i c i a l  reverbera-  
t i o n  u n i t ,  and a power altlplifier. 
I n  one conf igu ra t ion  t h e  i n p u t  t o  t h e  feedback network 
was provided by a microphone i n s e r t e d  i n  t h e  chamber and 
t h e  output was used t o  d r i v e  an a u x i l l i a r y  speaker p laced  
i n  t h e  chamber. I n  ano the r  conf igu ra t ion  t h e  inpu t  was 
provided by an accelerometer  mounted on a 1/16 i n .  x 
4 f t  x 4 f t  aluminum p a n e l  suspended i n  t he  chamber and 
t h e  output  was aga in  used t o  drive an a u x i l l i a r y  speaker. 
I n  a t h i r d  conf igu ra t ion  t h e  i n p u t  was provided by  an 
acce lerometer  mounted on 1/16 i n .  x 4 f t  x 4 f t  panel ,  
and the  output  was used t o  d r i v e  a shaker a t t a c h e d  t o  a 
second panel .  I n  each case t h e  performance of the chamber 
eva lua ted  on t h e  basis  of r e v e r b e r a t i o n  time, sine sweep 
response, and spa t ia l  v a r i a t i o n s  were eva lua ted  us ing  t h e  
sane speaker e x c i t a t i o n  and microphone measurement technique 
employed i n  t he  other  experiments desc r ibed  i n  t h e  r e p o r t .  
The e l e c t r o n i c  feedback experiments u t i l i z i n g  all three 
conf igu ra t ions  proved unsui ted  t o  band l imited no i se  e x c i t a -  
t i o n .  When t h e  ga in  on the  feedback amplifier was turned  
up s u f f i c i e n t l y  s o  t ha t  t h e  feedback network would a f f e c t  
t h e  a c o u s t i c  performance of the  chamber, t h e  feedback loop 
would become uns tab le  and amplify only a p a r t i c u l a r  frequency 
component i n  t he  e x c i t a t i o n  band. It is hypothesized 
t h a t  the  p a r t i c u l a r  frequency component s i n g l e d  out  co r re s -  
ponded t o  a high 9 mode of t h e  r e v e r b e r a t i o n  chamber. 
The s i t u a t i o n  is  completely analogous t o  the  feedback 
phenomena which occurs wPen t h e  microphone gain i n  a 
p u b l i c  address system i s  turned  up t o o  h igh .  
Mult iple  Uncorrelated Sources 
Severa l  experiments were a l s o  conducted t o  i n v e s t i g a t e  
the  e f f e c t  of mu l t ip l e  uncorre la ted  sources  on t h e  spat ia l  
v a r i a t i o n s  i n  the  chamber response.  I n  t h e  simplest experi- 
ment two speakers dr iven  w i t h  uncor re l a t ed  bands of  noise 
were u t i l i z e d .  The measured s p a t i a l  v a r i a t i o n s  with t h e  
two uncorre la ted  speakers m e  shown i n  Fig. 19. Comparison 
of t h e  data presented  i n  Fig.  19 w i t h  the  data presented  
i n  F ig .  6 i n d i c a t e s  t h a t  t h e  use of two uncor re l a t ed  
speakers d i d  no t  s i g n i f i c a n t l y  Improve the spa t ia l  v a r i a t i o n s .  
Addit ional  experiments were cofiducted us ing  s e v e r a l  
small shakers t o  e x c i t e  the  1/16 i n .  x 4 f t  x 4 f t  pane l  
d i r e c t l y  as an a l t e r n a t i v e  t o  a c o u s t i c  e x c i t a t i o n .  I n  
s i n e  sweep experiments w i t h  t h e  panel  e x c i t e d  mechanically,  
t h e  a c o u s t i c  response of t h e  chamber showed many peaks 
a s s o c i a t e d  wi th  resonances of t h e  panel .  However when 
t h e  panel was d r iven  wi th  small shakers e x c i t e d  with 1/30 
octave bands of random noise ,  t h e  spa t ia l  v a r i a t i o n s  i n  
t h e  chamber resyonse d id  not  improve over  those  a s s o c i a t e d  
wi th  t h e  hard wall chamber e x c i t e d  with a s i n g l e  speaker. 
DESIGN OF REVERBERATION CHAMBERS 
Design Guides 
The des ign  of a r e v e r b e r a t i o n  chamber Involves  an 
i t e r a t i v e  procedure t o  f i n d  t h e  optimum s o l u t i o n  compatible 
w i t h  s e v e r a l  i n t e r r e l a t e d  and o f t e n  c o n f l i c t i n g  requirements a 
The most important d e s c r i p t o r s  of  the  performance of a 
r eve rbe ra t ion  room are the  lower c u t o f f  frequency f o r  good 
s t a t i s t i c a l  performance, t h e  r e v e r b e r a t i o n  time, and t h e  
maximum achievable  sound pressure  l e v e l .  
The lower c u t o f f  frequency determines the  frequency 
above which t h e  spa t i a l  v a r i a t i o n s  i n  the a c o u s t i c  f i e l d  
w i l l  b e  r e l a t i v e l y  small and the tes t  r e s u l t s  w i l l  be 
r epea tab le  and c o n s i s t e n t  i n  a s t a t i s t i c a l  sense .  The 
lower c u t o f f  frequency a lso determines t h e  frequency 
above which t h e  power d e l i v e r e d  by  an a c o u s t i c  d r i v e r  
w i l l  reach t h e  asymptotic value which t h e  d r i v e r  would 
d e l i v e r  i n t o  a p rogres s ive  wave t ube .  The r eve rbe ra t ion  
time is an  important parameter i n  determining the  lower 
cu to f f  frequency, t h e  power r equ i r ed  t o  a t t a i n  a given 
sound p r e s s u r e  l e v e l  I n  the room, and t h e  high-frequency 
16 
s p a t i a l  v a r i a t i o n s .  The maximum a t t a i n a b l e  sound pres su re  
l e v e l  determines how severe  a tes t  environment can be 
r e a l i z e d  wi th in  a given chamber. 
The lower c u t o f f  frequency of a well designed reverbera-  
t i o n  room i s  given by Eq. 6 which may be  s i m p l i f i e d  by 
i n s e r t i n g  the speed of sound i n  a i r  a t  s tandard  pressure 
and temperature  t o  y i e l d  
1 /2  f = 7000[MT/V] 
C 
F igure  20 p re sen t s  a nomograph f o r  e v a l u a t i n g  Eq.  1 2  
f o r  e i ther  a choice of M = 1/3  o r  M = 1. The resul ts  
of t h i s  s tudy  sugges t  t h a t  t h e  choice M = 1/3 is adequate ,  
however t h e  choice F4 = 1 is more conserva t ive .  
The r e v e r b e r a t i o n  time i s  given by  Eq. 1 which i s  
based on an e f f e c t i v e  abso rp t ion  c o e f f i c i e n t  i nc lud ing  
both  t h e  effects  of surface absorp t ion  and a i r  absorp t ion .  
This  equat ion  may be  r e w r i t t e n  i n  terms o f  t h e  s u r f a c e  
absorp t ion  Coef f i c i en t  a and t h e  energy a t t e n u a t l o n  cons tan t  
for a i r  m as 
The averape s u r f a c e  a b s o m t i o n  c o e f f i c i e n t  ( t 5 e  averaRlnp 
re fers  t o  an  average  over  anfrles of  i n c i c r n c e )  f o r  very 
smoothly f i n i s h e d  t h i c k  concre te  walls I s  approximately 
0.01 . The average s u r f a c e  absorp t ion  c o e f f i c i e n t  f o r  
o t h e r  types  of wall cons t ruc t ion  is  usua l ly  a func t ion  
of frequency and ranges from approximately 0 .01  t o  0 . 1  
depending p r i m a r i l y  on t h e  wall  s u r f a c e  fleight a t  low 1 4 1  f requencies  and t h e  s u r f a c e  f i n i s h  a t  high f requencies . -  
The energy abso rp t ion  c o e f f i c i e n t  m depends s t r o n g l y  on 
t h e  r e l a t i v e  humidi ty  of t h e  a i r  and m frequency as i l l u s -  
ti.ated i n  F i e .  22.3’’ 
to use n i t rogen  i n  l i e u  o f  a i r  In r e v e r b e r a t i o n  chambers 
because t h e  energy a t t e n u a t l o n  cons tan t  f o r  n i t rogen  
It i s  becoming common p r a c t i c e  
s i g n i f i c a n t l y  smaller t han  tha t  for air. 
The space average sound pressure  l e v e l  (SPL) I s  re lated 
t o  t he  sound power l e v e l  (PWL), t h e  room volume, and the  
r eve rbe ra t ion  time by 16,11/ 
SPL = PWL - 1 0  loglo V -t 10 l o g  T + 19 05 , ( 1 4 )  
where t h e  sound pres su re  l e v e l  i s  i n  d e c i b e l s  re ferenced  
t o  0.0002 microbar, t h e  sound power l e v e l  I s  i n  dec ibe l s  
re ferenced  t o  1 0  -I3 watts, t h e  room volume i s  i n  cubic  
fee t ,  and t h e  r eve rbe ra t ion  time i s  i n  seconds.  F igure  22 
p re sen t s  a nomogram f o r  e v a l u a t i n g  Eq .  1 4 .  
It has  been noted that  when t h e  sound power l e v e l  
i n  Eq .  1 4  i s  eva lua ted  on t h e  bas i s  of  measurements of  
t h e  sound power d e l i v e r e d  by an  a c o u s t i c  d r i v e r  i n t o  a 
progress ive  wave tube ,  E q .  1 4  y i e l d s  a p r e d i c t i o n  of t h e  
o v e r a l l  sound p res su re  level i n  a small r eve rbe ra t ion  
chamber which i s  approximately 6 dec ibe l s  h i g h e r  thari 
measured.- 
of a c o u s t i c  d r i v e r s  has recommended a modi f ica t ion  of 
Eq. 1 4  i n  which t h e  numerical  factor  on the  right hand 
side i s  rep laced  by 13.5. The apparent  c o n t r a d i c t i o n  
between Zq. 1 4  and the r e s u l t s  b a s e d  on measured power 
output  i n t o  a progress ive  wave tube  can be reso lved  by 
hypothes iz ing  t h a t  t h e  power output  from a h igh  i n t e n s i t y  
a c o u s t i c  d r i v e r  i n t o  a small f i n i t e  room i; sometimes 
much less  than  the  power out  of  t h e  same d r i v e r  i n t o  a 
pi-ogre s s I ve wave t e r m i  na t I on. 
between t h e  sound power l eve l  delivered t o  a r eve rbe ran t  
-*oom and t h e  sound power l e v e l  d e l i v e r e d  t o  a progress ive  
wave tube  by a hip-$ i n t e n s i t y  a c o u s t i c  source 
For t h i s  reason  a t  l ea s t  one manufacturer 18/ 
Recent a n a l y t i c a l  work B’ sugges ts  t h e  fo l lowing  r e l a t i o n  
, (15) ;VI + 1) p m ) ~ ~ ~ ~ ~ ~ ~ ~ ~  - P W L ) ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  = 10 l o a (  M 
WAVE TUBE ROOM 
where r.’I is t h e  modal overlap index  of  t h e  reverberant  room. 
Equation 15  i n d i c a t e s  t ha t  above t h e  modal over lap  fre- 
quency (M > l), the power de l ive red  by the  d r i v e r  t o  t h e  
reverberant  room w i l l  be  equa l  t o  t h e  power de l ive red  
t o  t h e  progress ive  wave tube .  However, below t h e  modal 
over lap  frequency, E q .  15 i n d i c a t e s  t h a t ,  assuming rever -  
b e r a t i o n  time cons tan t  i n  frequency, the power d e l i v e r e d  
t o  a reverberant  room w i l l  f a l l  o f f  6 dB p e r  octave as 
one decreaa,-s frequency with respect t o  t h a t  de l ive red  
t o  a progress ive  wave tube. The a n a l y t i c a l  r e s u l t  expressed  
i n  5q. 15 is compatible w i t h  experimental  data.- 18/ 
Figure 23 presen t s  a flow diagram i l l u s t r a t i n g  t h e  
i t e r a t i v e  procedure necessary t o  des ign  a reverberant  
room. The box In t h e  upper l e f t  hand co rne r  r ep resen t s  
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t h e  low frequency c u t o f f  equat ion .  The i npu t s  t o  t h i s  
equkcion are  t h e  modal overlap index c r i t e r i a ,  f o r  example 
M = 1/3, and t h e  lower cu to f f  frequency. Thz upper r i g h t  
hand box represents t h e  r e v e r b e r a t i o n  t i n e  equat ion .  
The i n p u t s  t o  t h i s  equat ion  are the  surface abso rp t ion  
c o e f f i c i e n t ,  which is determined only by the  wall con- 
s t r u c t i o n  material, and the energy abso rp t ion  cons t an t ,  
which i s  dependent only on t h e  a c o u s t i c  medium 1 7  t h e  
chamoer. S imul tanems s o l u t i o n  of  Fqs. 12 and 13  y i e l d s  
unique values  f o r  t h e  chamber volume and the  r e v e r b e r a t i o n  
t i m e  as a func t ion  of frequency. I f  one is given volume, 
r eve rbe ra t ion  ti:. , and a s p e c i f i e d  a v a i l a b l e  sound power 
l e v e l ,  t h e  maximum ob ta inab le  a c o u s t i c  l e v e l  i n  t h e  chamber 
may be c a l c u l a t e d  from E q .  1 4 .  
If t h e  r e s u l t a n t  sound pres su re  l e v e l  i s  t o o  low, 
there  are three a l t e r n a t i v e s :  (1) i n c r e a s e  t h e  amount 
of sound power l e v e l  a v a i l a b l e ,  ( 2 )  lower t h e  su r face  
absorp t ion  c o e f f i c i e n t  o r  t h e  energy a t t e n u k t l o n  cons tan t  
i n  order  t o  raise the  r e v e r b e r a t i o n  time, o r  (3)  s e t t l e  
f o r  a higher  value of th,t c u t o f f  frequency f c  which w i l l  
i n  t u r n  decrease t h e  chamber volume and r e s u l t  i n  higher  
sound p res su re  l e v e l s .  
The spatial  v a r i a t i o n s  a t  f requencies  above the  c u t o f f  
frequency may b e  det-ermined from Eq. 8 and knowledge of 
t'le r eve rbe ra t ion  t ine .  If t h e  s p t i a l  v a r i a t i o n s  are too 
l a r g e ,  t h e  r e v e r b e r a t i o n  time must be inc reased  by lowerin' 
t h e  absorp t ion  c o e f f i c i e n t  o f  t he  walls or  t h e  energy 
a t t e n u a t i o n  c o n s t a n t .  
This i t e r a t i o n  procedure m i g h t  have t o  be modified 
somewhat i n  a given s i t u a t i o n  t o  take i n t o  account t h e  
i n i t i a l  c o n s t r a i n t s .  For example, i n  a given s i t u a t i o n  
ht. might b e  that  t h e  volume of t h e  chamber i s  f i x e d  by 
space and c o s t  cons ide ra t ions  and the sound pressure  l e v e l  
is f ixed  by t e s t  s p e c i f i c a t i o n .  I n  t h i s  case ,  one would 
go through the  i t e r a t i v e  procedure t o  deterrtilne t h e  r e s u l -  
t a n t  lower c u t o f f  frequency and the  sound power l e v e l  
r equ i r ed  t o  implement t h e  test. 
Predic ted  Performance of a 2,135 Cubic Foot Truncated Chamber 
Figures  24 and 25 presen t  t h e  pred ic ted  performance 
of E 2,135 ft t r u n c a t e d  chamber. The r a t i o  of t h e  dlmen- 
s i o n s  of' t he  t.runca+,ed chamber are sLniLar t o  those of  
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t h e  small t runca ted  chamber invest.:gated i n  !;his s t u d y ,  
and the r e s u l t s  alae used t o  p r e d i c t  the pe. iarrnarxe of  t h e  
2,135 f t 3  chamber. 
consldeieed: t h i c k  concrkte  and 1/8 i n ,  steel ~ ~ 1 1 s  . Twc types  of' Nail, cons t ruc t ion  are 
Figure 24 pre * e n t s  t h e  p red ic t ed  1/3-octsve band I e t v -  
b e r a t i o r  times f o r  t h e  concre te  wall an6 s teei  wall chambers. 
The pred ic ted  re i -e rbera t ion  tinlets are based  on Eq. 13. 
The asswntd s u r f a c e  absorp t ion  c o e f f i c i e n t  f c r  t he  concrete 
walls is assumed t o  b e  t h e  same as measured in t h e  rnodzl 
t runca ted  chamkcr. The concre te  walls absorp t ion  c c e f f l - -  
c i e n t  v a r i e s  from .Ol3 I n  the low frequen\,ies t o  **:?pirCX:- 
mately .Oj i n  t h e  high-frequent;- regfne. ?1ie assunk4 w t ~ f  
absorption c o e f f i c i e n t  f o r  the 1,'8 I n .  s tee l  w d l e  !.s 
t aken  t o  be  .05 a t  a?-] f requencies  - "' 
times of  t h e  concre te  wall charher  are  approximately :. 
fac tor i  o f  4 h ighe r  than  those  of a t h i n  walled s t e e l  
chamber i n  t h e  low-frequency rerime, 8 d t h e  re\iLrberr? k'~ 
times o f  h e  two cnainbers become similar i:i t h e  high- 
frequency regime where t h e  effects a? alr absorp t ion  
dominate 
The reverberat- ion 
Fiaurz  2 m e s e n t s  t h e  prec"icte3 spati: % va?i?t.ims 
and t h e  moc : over l ap  index f o r  the concre te  and s tee l  
wall conf igu ra t ions .  The spa t i a l  v b r l a t i o n s  In t h e  h!.@i- 
frequency reg! e are  p red ic t ed  on t h e  baslP of Eq. 8 srtd 
t he  p r e d i c t e d  r eve rbe ra t ion  times presented  f n  PIC.  2s. 
The predic ted  spa t i a l  v a r i a t l c n s  :n th? low-frequency 
resime are based on t h e  measurements naac in t h e  mcde!. 
+rurlcated chamber s c a l e d  t o  the  2 i?s ft5 chaanbef r n  the  
basis of' modal overlay Index. P r  ' i c t i o n s  preszrlted 1-1 
Fig, 25 i n d i c a t e  t h a t  t h e  s p a t i s i  &andarC deviatLorb w l l ;  
be a p g r o x h a t e l y  11'2 t o  1/4 nf a dB less In t h e  ronc re t e  
well chamber t h a n  i n  the s tee l  wall chambe,,. 
On the  basis o f  Eq. 1 4  and t h e  r eve rbe ra t ion  tlmes 
presented  i n  F ig .  24 ,  me would ex7ect t'xt a p p r x i m e x l y  
6 dB mare s o m d  power l e v e l  would b.- requi red  t o  6Xair: 
a given sound press.:re l e v e l  i n  t h e  s t ee l  wall man; thari 
i n  t he  t h i c k  concre te  room i n  the frequency rephic below 
250 Hz. However Eq. 15 i n d i c a t e s  that  a giver. z.?c.ustI.c 
d r i v e r  w i l l  d e l i v e r  approximately 6 ds rno1.e a c o u s t i c  
power a t  f requencies  below 250 Hz i n  the  s t e e l  wal l  room 
tiiar?. In t h e  concre te  room. Therefme In  t h e  lw-freqt1enL.v 
regime, t h e  effects  o f  the r eve rbe ra t ion  times on a c c w t k  
power requirements  would a p p e w  t o  cance l  out. Y Q W ~ V P I $  
i n  t h e  mid-frequency regime (approximately 600 t o  2000 :Id 
20 
Eq. 15 i n d i c a t e s  t h a t  %he power de l ivered  by a given 
d r i v e r  should 'e t h e  same i n  t h e  s t ee l  or concre te  room 
and, t h e r e f o r e ,  i n  accordance w i t h  Eq, 1 4  the sound pres su re  
l e v e l  r e a l i z a b l e  w i t h  a given d r i v e r  should be approximately 
5 t o  3 dl3 g r e a t e r  i n  t h e  concrete  room than  i n  t h e  s t e e l  
w a l l  room. 
CONCLUSICNS 
The r e s u l t s  of t h i s  study support  t he  fol lowing con- 
c lus ions  : 
1. 
2. 
3 .  
4. 
5. 
6 .  
The a d d i t i o n  of  honeycomb panels  t o  t h e  small 
chamber d i d  increase the  appaTent a c o u s t i c  model 
aens i ty  and decrease the  s p a t i a l  v a r i a t i o n s  i n  
the  chamber. The panel conf igu ra t ion  developed 
i n  t h i s  study could b e  u t i l i z e d  t o  improve the  
performance of f u t u r e  small r e v e r b e r a t i o n  chambers. 
However t h e  panels could be made more e f f i c i e n t  
by:  (1) using previously d v e l o p e d  techniques 
t o  en r i ch  the  modal dens' f t h e  panels  and 
( 2 )  u t i l i z i n g  baffled pa; with simply supported 
edges t o  inc rease  the pan  ;ouplin,r t o  t h e  a c o u s t i c  
f i e l d .  
The a d d i t i o n  of' more absorp t ion  t o  t h e  chamber 
d i d  decrease t h e  spat ia l  v a r i a t i o n s  a t  low fre- 
quencizs,  but raip-3 the spat ia l  v a r i a t i o n s  at 
high frequencies  
The e l e c t r o n i c  feedback techniques d id  not work 
f o r  band l imi ted  no i t e  e x c i t a t i o n  because of feed- 
back i n s t a b i l i t y  a t  a single frequency. 
The use of  mul t ip le  uncor re l a t ed  sources  d i d  not 
decrease the  spatial  v a r i a t i o n s  measured wi th  
one source.  
The s p a t i a l  v a r i a t i o n s  i n  sound pressure  level. 
measured i n  t h e  two small r eve rbe ra t ion  chambers 
were r e l a t i v e l y  small when the  modal over lap  i n d e x  
of  t h e  chambers exceeded one-third 
The back e f f e c t  of a small r eve rbe ra t ion  chamber 
on the power output from an  a c o u s t i c  source can 
be computed based on the modal over lap  index 
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-4P- # 0.52" 
PANEL DENSITY 
Surface 0.24 lb/ft2 
Core 0.16 lb/ft2 
Adhesive 0.33 lb/ft2 
Total 0.43 fb/ft2 
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FIGURE 1 7 .  S P A T I A L  V A R I A T I O I 4 S  IN R E C T A N G U L A R  C H A M B E R  







Data presented for 1/3 O c t w s  
Band Excitation 
630 1000 160 250 400 
125 200 31 5 500 800 1250 2006 
Band Center Frequency In !-! 
F 1 8 .  D I F F E A E N C E  E E T W E E N  M E A S U R E D  S P A T I A L  S T A N D A - . t . ;  
A " 4 T I O N S  W I T H  I N C R E A S E D  ARSORB-%'ION A N D  W I T H  M S l i '  








160 250 400 630 1 ow 1600 
125 200 31 5 500 800 1250 2000 
Band Center Frequency in Hr 
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FIGURE 20. CUT-OFF F 
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